Abstract-User effects on a circularly polarized phased array for 5G mobile applications for frequencies around 28 GHz are studied in this communication. Two figures of merit are defined: the total scan pattern and coverage efficiency of the circular polarization (CP). The user effects on the performance of a CP phased array are studied via two defined parameters. The investigations are carried out in talk mode (with a hand and a head) and in data mode (with a homogeneous whole-body phantom). The scattering properties of the proposed phantom are verified via the measurement of an antenna with known radiation parameters and a human. The CP coverage efficiency is relatively less affected by biological tissues than by the conventional coverage efficiency, although the absolute value of the CP coverage efficiency depends on a specific design. When user effects are introduced, the axial ratio bandwidth becomes approximately 0.8 to 1.3 GHz narrower. To realize the optimal CP performance and reduce the user effects of the CP coverage efficiency, a CP array at the bottom short edge of the ground plane should be chosen in the talk mode, while the top short edge location should be chosen in the data mode.
I. INTRODUCTION
The millimeter/centimeter-wave (mm/cm-wave) frequencies have become an attractive candidate for 5G communication systems where phased arrays should be implemented at both mobile terminals and base stations [1] . Such arrays have been designed to increase the coverage performance of the mobile antenna as in [2] and [3] . Applying a circularly polarized antenna can create multiple benefits when communicating over a wireless medium. In [4] , the delay spread can be reduced to 5 ns or even lower if highly directive circular polarization (CP) antennas are applied. At 26 GHz, the measurements in [5] have shown that for an indoor nonline of sight scenario, the received signal strength depends on the polarization of the receiving and transmitting antennas. A channel with both Tx and Rx vertical polarization can be over 10 dB stronger than a channel with both Tx and Rx horizontal polarization. By using a CP or polarizationreconfigurable phased arrays, there can be a benefit to keeping the received power at high levels.
Human tissues are well known to be materials with high loss and high permittivity, which will likely affect the performance of mobile terminal antennas. The user impact on mobile terminal antennas has been extensively studied previously for low-frequency bands, such as Global System for Mobile communications and LTE in [6] and for cm waves in [7] . The user effects on the coverage efficiency of mobile phased arrays have been investigated at 3.5 GHz in [8] at 15 GHz in [9] . A significant loss in the coverage efficiency was observed for both 3.5 and 15 GHz. However, the user effects on the CP performance of the phased antenna arrays have not been well analyzed at higher frequencies, e.g., between 26 and 31 GHz. In this communication, the user impact on the CP performance of the mobile phased antenna array will be investigated for 5G applications. A mobile circularly polarized antenna array with endfire radiation will be used in this investigation. User effects on the CP performance of the phased antenna array along the frequency range from 26 to 31 GHz will be studied by simulations in CST Microwave Studio transient time-domain solver. Two setups with the user will be considered: talk mode, with a hand and a head, and data mode, with a proposed whole-body homogeneous phantom. Then, the parameters of the CP total scan pattern (TSP) and CP coverage efficiency will be introduced to quantify the effects of the user on the CP performance of the array.
II. GEOMETRY AND FREE-SPACE PERFORMANCE
The proposed array element consists of a magnetic dipole and an electric dipole. These two dipoles produce electric fields normal to each other with a 90 • phase difference as described in [10] . The antenna is printed on a Rogers 3003 substrate with a thickness of 1.52 mm. The geometry of each antenna element is shown in Fig. 1 . The vertical electric field is produced by two identical patches of 4.4 mm × 1.8 mm on each side of the ground plane. The horizontal electric field is produced by the two mirrored dipole arms with the length of 3.7 mm. The antenna is fed between the two patches to obtain a 90 • phase difference between the fields, as shown in Fig. 1(a) . The patches are connected by two vias with a radius of 0.45 mm. In this communication, the axial ratio (AR) beamwidth and AR bandwidth have been calculated according to the specification of AR ≤3 dB level. The AR beamwidth and AR bandwidth of the antenna will change with clearance size. Thus, a clearance of 10 mm is selected to obtain a reasonable AR beamwidth and AR bandwidth for this communication. The electrically large ground plane of the phone chassis and substrate properties will affect the antenna performance of the low-frequency antenna designs in [10] and [11] at 28 GHz.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Grounding walls and holes were added to the design to suppress the unwanted surface waves. The proposed antenna has a −10 dB and −6 dB impedance bandwidth of 973 MHz (3.475%) and 2.07 GHz (7.393%), respectively. The fractional bandwidth was calculated at the central frequency of 28 GHz.
A. Array Geometry
The proposed phased array is shown in Fig. 2 . A total of eight elements are combined into a linear array on the short edge of the ground plane. The antenna array's main lobe direction and the φ scan angle are illustrated in Fig. 2 . The distance between elements is 7.6 mm (0.7λ).
B. Free-Space Performance
The maximum gain of the array and the AR at the boresight (with in-phase elements) are shown in Fig. 3(a) . The AR bandwidth of 4 GHz can be achieved. Maximum gain over 10 dBi is realized from 26 to 31 GHz.
When a beam is scanned into different directions in the φ plane, the AR at the main beam direction for each scan angle is shown in Fig. 3(b) at 28 GHz. Note that the curves in Figs. 3(b) , 11, 12, 15 , and 16 are plotted at 28 GHz but that similar tendencies have also been observed at the other frequencies in the band. The AR beamwidth (AR ≤3 dB) of 55 • can be realized by the phased array. The maximum gain within the scanning range is over 11 dBi.
C. Figure Of Merit
Next, the coverage performance of the array is investigated. The coverage efficiency is calculated from the TSP of the phased array, which is shown in Fig. 4 (a). The TSP is obtained from all phased array patterns, corresponding to the different scan angles, by recording the best achievable gain at every angular distribution point.
The regular coverage efficiency has been defined as [2] η c = Coverage Solid Angle Maximum Solid Angle (1) where the maximum solid angle defined as 4π steradians. A CP coverage efficiency specifies the coverage efficiency defined in [2] with respect to the antenna's CP performance. The CP coverage efficiency can be calculated from the TSP by only considering the points in space where AR ≤ 3 dB. The CP coverage efficiency is defined in this communication as
where the maximum solid angle is defined as 4π steradians. The regular and CP coverage efficiencies of the array in free space are shown in Fig. 5 . For the threshold gain lower than 5 dBi, the CP coverage efficiency of the curve is at least 0.4 lower than the corresponding free-space regular coverage efficiency curve. Moreover, the CP coverage efficiency curve cannot easily reach 100% of coverage, which is limited by the CP performance of the proposed antenna. The free-space CP coverage curve is at η c = 0.6 level for the gain lower than −20 dBi in Fig. 5 .
III. ACCURACY VERIFICATION OF SIMULATIONS
WITH PHANTOM It is important to note that the CP measurements with the user are very time consuming and challenging. It is difficult to make the user sit/stand still for a prolonged period of measurement. These measurement setup challenges will lead to instability in the phase of the measured pattern. If the measured phase is not correct, then performing the beamforming correctly is nearly impossible. Therefore, simulations with realistic phantoms for data and talk modes have been done in CST Microwave Studio finite-difference timedomain (FDTD) solver instead of the measurements. Furthermore, at the time of the writing, no standards for human gestures at high frequencies were available.
A. Phantom Description
For the data mode, a phantom is proposed in this communication for 28 GHz, and is shown in Fig. 6(a) . The homogeneous full-body phantom is made of skin tissue with the dielectric permittivity of r = 16.5 + j 16.5. The parameters of different tissues (including skin) for up to 100 GHz have been measured in [12] . The proposed phantom dimensions are based on the mean values instead of using a specific human specimen. The length of the limbs for the whole-body phantom is chosen according to the average male human dimensions described in [13] . The average weight and body circumference are based on the measurements in [14] . The detailed dimensions of the phantom are given in Table I . On the other hand, in the talk mode, the hand and head phantom gestures defined in the existing Cellular Telecommunications Industry Association (CTIA) standards are used [15] . The skin tissue dielectric constant is chosen to be a value similar to that used for the whole-body phantom.
The use of the skin-only phantom is justified because the waves will not penetrate deep into the human tissue at these frequencies. For example, the skin depth at 28 GHz can be calculated as
where ρ is the resistivity of the human tissue chosen to 245 cm or 245E6 μ cm [16] , f is the frequency, and μ = μ 0 · μ r is the skin permeability. For this calculation, μ r = 1 has been chosen. The phantom can be used to evaluate mobile antenna performance in the data mode at a frequency of 28 GHz.
B. Scattering Properties of the Phantom
The phantom's accuracy is verified by measuring the linearly polarized omnidirectional UWB antenna proposed in [17] in two orientations. The chosen antenna has a gain of approximately 5 dBi at 28 GHz. The measurements were made in an anechoic chamber using a single dual-polarized probe antenna in the far field. To remove the uncertainty of the user grip, the antenna is suspended during free-space simulations [ Fig. 6(a) ] and placed on a foam stand during the measurements [ Fig. 6(b) ]. The coordinate system used in both measurement and simulation is shown in Fig. 6(b) .
The measured user has some of the dimensions of the phantoms but different body types. In Table I , the dimensions of the user can be compared to the dimensions of the phantom. In Fig. 7 , the simulated and measured radiation patterns with each user and different antenna orientations are shown. In general, the measured and the simulated patterns have a similar shape. The measurements are relatively noisier due to the cable and connector used for the prototype in the 28 GHz band. In addition, the shadowing sizes are slightly different due to the difficulty of maintaining the exact same antenna position during the measurements. Furthermore, the user's gestures cannot be identical to the simulations.
Next, the shadowing region (around 270 • in Fig. 7 ) in the measured and simulated radiation patterns was investigated. The shadowing antenna power ratio (SAPR) metric is used for this investigation and defined in [7] as SAPR(θ, φ) P shadow in the window P total (4) where θ = θ max − θ min is the window length in θ. Here, 140 • is chosen, which is the maximum measured θ range. φ = φ max −φ min is the variable window, the size of which varies from 1 • to 85 • . The example of the φ window size is marked in Fig. 7(a) . The window is centered around φ = 270 • . P shadow is the power in the shadow (in the chosen area of a radiation pattern). P total is the total radiated power (TRP) of the antenna. The formula describes how much lower the power is in the shadow compared to the TRP. In Fig. 8 , the SAPR has been calculated for the φ and θ polarized radiation patterns of the biconical antenna in the measurements and simulations. The SAPR curves for the φ and θ polarizations have a very similar tendency in decibel. The small difference between the simulated and measured results is because of the same reasons for those in Fig. 7 . In general, the proposed phantom has the similar external (scattering) properties as the real human user.
From this section, it can be concluded that a proposed phantom can be used to model the scattering properties of the user. This is concluded based on the investigation of the shadowing region created by the user's body and on corresponding calculations of SAPR for the θ and φ polarized antennas. 
IV. TALK MODE SIMULATIONS
In this section, the phased array described in Sections II-A and II-B have been studied in the talk mode, where the user is holding the mobile device close to the ear in the right hand. Investigations were performed to quantify the user effects on regular and CP coverage efficiency, AR bandwidth, and AR beamwidth. In the simulation, more than 41 million mesh cells were used. The smallest cell size was 0.05 mm and the largest mesh cell size was 0.856 mm. The setup with the user's head and hand (talk mode) is shown in Fig. 9 . The array is located on the bottom of the device in Fig. 9(a) or on the top in Fig. 9(b) . The mobile device was placed according to the test standards as defined in [15] , and the distance between the ear and the phone chassis was 4 mm.
A. AR Bandwidth
The AR and maximum gain are plotted in Fig. 10(a) for the bottom antenna location. The AR has less than 3 dB from 27 to 30.2 GHz, which corresponds to an AR bandwidth of 3.2 GHz. The AR bandwidth is 0.8 GHz lower than the free-space AR bandwidth. Maximum gain is at least 1 dB lower than in the case of free space. The AR and maximum gain are plotted in Fig. 10(b) for the top antenna location. Heavier shadowing is observed because the array is closer to the user's head. The AR is lower than 3 dB from 27.3 to 30 GHz, which corresponds to the AR bandwidth of 2.7 GHz. The AR bandwidth is 1.3 and 0.5 GHz smaller than the case of the free space and when the antenna is located on the bottom, respectively. Maximum gain is actually 2 dB higher than the maximum gain in the free space due to scattering from the head.
B. AR Beamwidth
The AR and maximum gain are plotted versus scan angle in Fig. 11 . The AR beamwidth of the array in talk mode-bottom location in Fig. 11(a) is around 55 • from φ = 155 • to 210 • . In addition, the gain for scan angles larger than ±35 • (with respect to the boresight [180 • ]) is over 4 dB lower than that in the free space. The AR and maximum gain for the top antenna location are plotted versus scan angle in Fig. 11(b) . The AR beamwidth is around 40 • . The maximum gain in the range from 150 • to 190 • is 2 dB higher than that in the free space. 
C. Total Scan Pattern
Regular and CP TSPs for the array top and bottom locations in the talk mode are shown in Fig. 12 . The shadowing area created by the user's head and hand appears in all the TSPs. The regular TSP for the bottom antenna location in Fig. 12(a) is weaker than the one produced by the antenna in the free space in Fig. 4(a) . However, the CP TSP for the same user setup in Fig. 12(b) is similar to the one in the free space in Fig. 4(b) . Thus, the user has relatively less impact on the array CP performance when the bottom location is chosen.
When the array is located on the top edge, the shadowing occurs in the region from θ = 0 • to 60 • . The regular TSP in Fig. 12(c) is around 2 dB stronger when θ = 110 • and φ = 180 • and has a different shape from the TSP in the free space in Fig. 4(a) . CP only occurs in the small area around θ = 100 • and φ = 180 • in Fig. 12(d) .
D. Coverage Efficiency
Regular and CP coverage efficiency curves are shown in Fig. 5 . CP coverage efficiency is calculated from the CP TSP using (2). The regular coverage efficiency is calculated using (1). It can be observed that the regular coverage efficiency has very similar values for both the top and bottom positions. However, the CP coverage efficiency for the threshold gain lower than 8 dBi is 10% to 15% higher for the bottom position than for the top position.
V. DATA MODE SIMULATIONS
In this section, the simulations of the phased array are completed in the data mode with the whole-body phantom described in Section III. The chosen gestures are shown in Fig. 13 . In the data mode, the user holds the mobile phone in front of the eyes with one hand. The angles used in this phantom setup are in the comfortable zone of a user as described in [13] . The distance between the head and the mobile device is approximately 28 cm. The coordinate system is 
A. AR Bandwidth
The AR and maximum gain are plotted in Fig. 14 for the bottom and top antenna locations in the data mode. For the top antenna location in Fig. 14(a) , the AR bandwidth is 3 GHz (10.71%), which is 1 GHz smaller than that in the free space. Maximum gain on average resembles the free-space case. The AR and maximum gain are plotted in Fig. 14(b) for the bottom antenna location. The AR in the band for the bottom antenna position is worse than 18 dB, and thus is not visible in the figure. In this case, the array is pointed toward the user, and the main beam is blocked by the user.
B. AR Beamwidth
The AR and maximum gain are plotted versus scan angle in Fig. 15 . For the array top location, the AR beamwidth of 20 • is observed in Fig. 15(a) . However, the AR is also lower than 3 dB when φ = 200 • and φ = 160 • . The maximum gain is comparable to the gain in the free space. The AR and maximum gain in the data mode with the bottom location are plotted versus scan angle in Fig. 15(b) . The AR curve can never reach 3 dB, and the maximum gain is lower than 0 dBi.
C. Total Scan Pattern
Regular and CP TSPs for the antenna array at the top and bottom locations in the data mode are shown in Fig. 16 . The regular TSP for the top antenna location is shown in Fig. 16(a) , which approximates the result in the free-space case shown in Fig. 4(a) . The only difference is the presence of a shadow at φ = 0 and φ = 360 • . Furthermore, the CP TSP in Fig. 16(b) is nearly identical to the one in the free space in Fig. 4(b) . Thus, the user's hand and the body have virtually no impact on the antenna array CP performance when the array is located on the top. The TSP is plotted in Fig. 16(c) and (d) for the bottom antenna location. The shadow from the phantom is extremely strong, and only a small portion of the total is diffracted around the user. Furthermore, the CP antenna performance is nonexistent when the antenna is located on the bottom. Fig. 17 shows the comparison of the coverage efficiency in the data mode and in the free space. The CP curves for the free-space and top antenna locations have a similar coverage for the threshold gain from 3 to 9 dBi. The CP coverage of the array in the bottom location is less than 10% for gain from 0 to 7 dBi. All the curves for the CP coverage efficiency are similar below the threshold gain value of −5 dBi.
D. Coverage Efficiency

VI. COMPARISON
Comparisons between various simulated antenna parameters are shown in this section. The comparison of the AR bandwidth and AR beamwidth is summarized in Table II . In all cases, a significant loss in AR bandwidth was observed when the array is held by the user. However, AR beamwidths of similar value were achieved in the talk mode-bottom location. For the other setups, the AR values are higher than 3 dB and can be observed for the different scan angles because of the user proximity. The CP array cannot be used in the data mode-bottom antenna location because of blockage by the user. In all cases, shadowing is mainly induced by the user's head and body. Furthermore, the user's arm and hand partially contribute to the shadowing. However, in the data mode, the shadowing from the head is small in comparison with the body shadowing. On the other hand, in the talk mode, the main shadowing source is the user's head. The comparison of the coverage efficiency is shown in Fig. 18(a) . The solid lines show the regular coverage efficiency, and the dashed lines show the CP coverage efficiency. As expected, the best regular coverage can be achieved by using the antenna array in the data mode-top location. All other regular coverage efficiency curves have a spread of a minimum of 10 dB. For the threshold gain ≤−5 dBi, all of the CP coverage efficiencies have a similar level except for the talk mode-top location. For the threshold gain higher than −5 dBi, the curves for the data-top and talk-bottom have very similar coverage. The CP coverage performance of the array in talktop and data-bottom locations has a similar shape but 5% to 15% less coverage compared to the data top and talk bottom positions. Furthermore, the CP coverage efficiency curves are 15% to 25% lower than the free-space curves for the threshold gain lower than 0 dBi. Coverage efficiency curves for the talk bottom and data top positions are plotted in decibel in Fig. 18(b) to demonstrate the relative difference between the user and free-space cases. In the region (≤7 dBi), the CP coverage efficiency is relatively less sensitive to user effects.
VII. CONCLUSION In this communication, user effects on a circular-polarized phased array were studied for 5G mobile terminal applications. Two figures of merit have been introduced: the CP TSP and CP coverage efficiency. The user effects on the CP performance of a mobile phased array were studied with the two defined parameters. The CP phased array was studied in the talk mode (according to CTIA standards) and in the data mode (with the CTIA hand and a homogeneous wholebody phantom). The antenna array was placed at the bottom and top locations on the mobile device ground plane. CP was relatively more robust to user impact than linear polarization if an array is placed in the right position of the ground plane. To realize the optimal CP performance with user effects in the talk mode, a CP phased array should be placed at the bottom short edge location, while in the data mode, the top short edge location should be used. As a result, the two phased antenna arrays should be placed on the top and bottom edges of the mobile device for an optimal antenna performance.
